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Edited by Shou-Wei DingAbstract MicroRNAs (miRNAs) are small regulatory mole-
cules suppressing mRNA activity in metazoans. Here we describe
two new miRNAs cloned from brain tissue of mouse embryos.
These miRNAs are expressed mainly during embryogenesis
and speciﬁcally in the central nervous system. We also estab-
lished the expression patterns of three recently identiﬁed miR-
NAs that were found in our short RNA library. All of them
were expressed in the brain and spinal chord but while miR-
410 and miR-431 were central nervous system speciﬁc, miR-
500 was also expressed in limb buds. In addition, the expression
of miR-500 in limb buds showed very strong asymmetry in favour
of the left hand side.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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MicroRNAs (miRNAs) are small regulatory molecules 19–
24 nucleotides (nts) long found in diverse metazoan organisms
[1]. Mature miRNAs are processed from pre-miRNAs in the
cytoplasm by Dicer RNase III [2]. Pre-miRNA molecules are
folded into a characteristic stem-loop structure, which are
recognised by Dicer as dsRNA. Pre-miRNAs are generated
from pri-miRNAs in the nucleus by another RNase III family
member, Drosha and transported to the cytoplasm by Ran-
GTP and the export receptor Exportin-5 [1]. One of the strands
of the miRNA duplexes is incorporated into a protein complex
termed RISC (RNA induced silencing complex) [3]. RISC is
guided by the incorporated miRNA strand to mRNAs con-
taining complementary sequences to the miRNA. miRNA tar-
get sites are usually at the 3’UTRs in animals and within the
ORFs in plants. miRNAs cleave plant mRNAs because of near
perfect complementarity between miRNAs and their target
sites while in animals the complementarity is less perfect [1].
Due to the mismatches between miRNAs and target sites, ani-
mal mRNAs are not cleaved but their translation is blocked
[4]. However, it was demonstrated that the HOXB8 mRNA
is cleaved by mir-196 in mammalian cells raising the possibility
that other miRNAs may mediate mRNA cleavage in animals
[5].
More than 300 miRNAs have been identiﬁed in mammals
and deposited at miRBase (previously The miRNA registry;*Corresponding author. Fax: +44 1603 592250.
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NAs were cloned initially from HeLa cells [7,8] and later from
diﬀerent mouse organs [9]. When most of the miRNAs cloned
from 18.5-week-old mice and Saos-2 cells were already known
miRNAs, it was suggested that not many more new miRNAs
would be identiﬁed by cloning [10]. However, new miRNAs
were later identiﬁed in speciﬁc tissues such as embryonic stem
cells [11] and colonic adenocarcinoma [12]. Several groups also
reported many new miRNAs in rat and mouse brain cells dur-
ing early development [13–15]. In this study we report two new
miRNAs that are speciﬁcally expressed in the central nervous
system and the expression pattern of three recently identiﬁed
miRNAs. One of them, miR-500, showed very strong expres-
sion in limb buds on the left compared with limb buds on
the right hand side.2. Materials and methods
2.1. RNA isolation, short RNA cloning, sequencing and bioinformatics
analysis
Total RNA from brains of E21 and P1 mice was extracted with TRI
reagent (Sigma) and pooled. Short RNAs (19–24 nt) were cloned indi-
vidually into pGEM-T using the protocol developed by Elbashir et al.
[16]. Colony PCR products were sequenced by BigDye 3.1. For se-
quence searches and analysis we used the Ensembl database (www.
ensembl.org) and for prediction of precursor secondary structures
the mfold Web server (www.bioinfo.rpi.edu/applications/mfold/old/
rna/) [17].
2.2. Northern blot analysis
Total RNA samples were enriched for short RNAs using the miR-
VANA kit (Ambion). The separated RNA was blotted to Zeta-probe
membranes (Bio-Rad) and hybridised overnight at 37 C in ULTRA-
hyb-Oligo hybridisation buﬀer (Ambion) with c-CTP labelled LNA
oligos (Exiqon) complementary to each miRNA.
2.3. In situ hybridisation
WISH of mouse embryos were carried out as described by Wien-
holds et al. [18] with the following modiﬁcations. Proteinase K treat-
ment of E10.5 was for 30 min and endogenous alkaline phosphatase
activity was blocked by inclusion of 2 mM levamisole in the staining
solution. Hybridisations were performed at 50 C overnight in 1.6 ml
of hybridisation mix containing 100 pmol of labelled LNA oligonucle-
otides. Staining was carried out at room temperature. After staining,
the embryos were ﬁxed in 4% PFA and stored in PBS at 4 C.3. Results
3.1. Identifying new short RNAs
We have cloned short RNA molecules from brain tissue of
prenatal (E19) mice. Almost 1200 cloned short RNAs have
been sequenced and 1020 sequences were mapped on the mouseblished by Elsevier B.V. All rights reserved.
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were known miRNAs, two sequences were derived from known
miRNA genes but were new miRNA* sequences (mmu-miR-
151* and mmu-miR-490*) and 280 were new short sequences
representing 65 non-redundant sequences. Fifteen of them wereFig. 1. Predicted secondary structures of putative miRNA precursors. 100 nt
predict the secondary structures of putative miRNA precursors by mfold. Th
folding into stem-loop structures. The cloned short RNA sequences are typed
genome are also shown.putative novel miRNAs because they were located in non-cod-
ing regions and the predicted precursor sequences showed the
characteristic miRNA precursor stem-loop secondary struc-
tures based on mfold prediction (Fig. 1). The distribution of
cloned known miRNAs is shown in Supplementary Table 1.of genomic sequence from each side of the cloned miRNAs were used to
e ﬁgure shows the predicted secondary structures of 80 nt sequences
in bold. The positions of the cloned short RNA sequences in the mouse
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One of the criteria of bona ﬁde miRNAs is that they are ex-
pressed and accumulate as 19–24 nt RNA. Abundant miRNAs
are easy to detect on Northern blots but many rare miRNAs
are present at levels undetectable by standard Northern blot
protocols. Initially we could not detect any of the new putative
miRNAs using 30 lg of total RNA and 5’ end labelled anti-
sense oligonucleotides. To conﬁrm the expression and accumu-
lation of these short RNAs we had to use a more sensitive
Northern blot method. First, we increased the amount of total
RNA we loaded onto gels by loading 15 lg of puriﬁed short
RNA fraction (equivalent with approximately 300 lg total
RNA). Second, we increased the speciﬁc activity of the probe.
Initially, in vitro transcribed RNA molecules consisting of a
repeat of three identical units, each complementary to a puta-
tive miRNA, were used but later we replaced the RNA probes
with LNA (locked nucleic acid) primers [19]. Although the two
kinds of probes had similar sensitivity, the LNA probes were
more speciﬁc and the accumulation of ﬁve putative miRNAs
was conﬁrmed (Fig. 2). Three of these potential miRNAs were
also veriﬁed by others during our study (miR-410 by Sewer
et al. [20], miR-431 by Altuvia et al. [21] and miR-500 by Bent-
wich et al. [22]) therefore we have identiﬁed two novel miR-
NAs: miRX (potential 11) and miRY (potential 8). Both two
new miRNAs were expressed at similar level during embryonic
stages followed by a gradual decrease after birth. MiR-410
(potential 6) and 431 (potential 15) were evenly expressedFig. 2. Northern blot analysis of short RNAs. 50 lg of short RNA
from the brain tissue of mice at diﬀerent developmental stages was
blotted and probed as described in Section 2. Some of the membranes
were stripped and hybridised with a diﬀerent probe. Equal loading of
the samples was veriﬁed by ethidium bromide staining prior to transfer
and shown for each membranes below the Northern blot images.between E13 and P10 but accumulated at a much lower level,
if at all, in adult brains. Expression of miR-500 (potential 7)
was hardly detectable but was also higher during embryonic
stages. We cannot rule out that the other 10 potential miRNAs
that could not be detected by Northern blot analysis are also
true miRNAs but they may be expressed at a very low level
and/or only in a very few cells.3.3. Sequence conservation of putative miRNAs
Next we searched the genomes of other animals for se-
quences homologous to the predicted precursors of the new
miRNAs. The predicted precursor of miRX was conserved in
the rat human and other primate genomes. However, the pre-
dicted precursor of miRY was only conserved in the rat gen-
ome and no homologous sequences were found in human,
chimpanzee, dog or cow. Interestingly, a 21 nt region of the
mouse precursor was conserved in the human genome. The
5’ 18 nts of the 21 nt human match were identical to the last
18 nucleotides of the cloned mouse miRNA and the last three
nucleotides of the 21 nt human match were also identical to the
mouse genome sequence following the cloned miRNA se-
quence. We analysed the potential human miRNA locus by
mfold to see whether it could produce a precursor with stem-
loop structure despite the lack of similarity to the mouse
precursor sequence. The cloned mouse miRNA sequence is
situated at the 5’ arm of the stem-loop, but the human se-
quence could not be folded into a stem-loop where the match-
ing 21 nucleotides were at the 5’ arm. However, it can be
folded into a hairpin structure including the 5’ ﬂanking region
but this way the matching 21 nt region is at the 3’ arm of the
stem. BLAST searches with this predicted human precursor
did not ﬁnd any homologous sequences in the mouse or rat
genome but revealed almost identical sequences in diﬀerent
monkey genomes. None of the miRNAs were conserved in
chicken, zebraﬁsh, fugu, Drosophila or Caenorhabditis elegans.3.4. In situ analysis of new and known miRNAs
After establishing the expression of miRNAs during devel-
opment we investigated the spatial distribution of miRNA
accumulation. Initially, in situ hybridisation analysis of miR-
NAs was not possible due to their small size but LNA contain-
ing oligonucleotides can detect tissue speciﬁc expression of
miRNAs [18,23]. MiRX, miRY, miR-410 and miR-431 were
expressed only in the brain and spinal chord of E10-E11.5
mouse embryos (Fig. 3). To show that this pattern was not
due to non-speciﬁc binding or probe trapping we used probes
against muscle speciﬁc miRNAs. Fig. 3 shows that our exper-
imental condition can detect the somite speciﬁc expression of
miR-206. In addition, a plant miRNA (miR-171) speciﬁc
probe did not detect any expression. We further analysed the
expression of miR-431 in dissected whole brains of E15 mice.
While miR-431 expression was detectable in most parts of
the brain, it was especially strong in the pons, which are lo-
cated in the lower part of the hindbrain and particularly rich
in synapses. The most unexpected expression pattern was
shown by miR-500. This miRNA was also expressed in the
brain and spinal chord but in the limb buds, as well. Strikingly,
miR-500 was expressed much stronger in the limb buds on the
left than on the right hand side (Fig. 4). This experiment was
repeated several times using several embryos each time and
always gave the same result. In addition, we never saw
Fig. 3. Central nervous system speciﬁc expression of new and known mouse miRNAs. The expression of miRX (A), miRY (B), miR-410 (D) and
miR-431 (E) is shown in the brain and spinal cord of E11.5 mouse embryos. Mir-206 showed somite speciﬁc expression (F). Dissected brains of E15
mouse embryos showed non-uniform expression of miR-431 (G, from the top and H, from below). MiR-171, a plant speciﬁc miRNA was used as a
negative control (C, I and J).
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analysed.4. Discussion
Taking together the cloning, expression, precursor second-
ary structure and phylogenetic conservation data we can con-
clude that the two putative miRNAs are new bona ﬁdemiRNAs. Both mature miRY and miRX sequences are con-
served in mammals. However, the precursor sequence of the
mouse miRY is only conserved in rodents. Whether the mature
miRY is expressed in human brain is still to be seen. If it is ex-
pressed that would suggest that miRY has evolved through dif-
ferent ways in rodents and primates. If it is not expressed that
would mean that miRY is a rodent speciﬁc miRNA missing
from primates. Bentwich et al. [22] identiﬁed several primate
speciﬁc miRNAs and suggested that because of the non-
Fig. 4. Asymmetric expression of miR-500. The expression of miR-500 is shown in diﬀerent E10 mouse embryos. A and C show two embryos from
the right; B and D show the same embryos from the left. E shows a third embryo from the top.
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likely to be around 800. If miRY is a rodent speciﬁc miRNA
there may be several others that would increase the total num-
ber of rodent miRNAs.
These two new miRNAs were found after sequencing a rel-
atively small library of short RNAs. Although many miRNAs
were isolated from brain cells [13–15] this study shows that
new miRNAs can still be found by cloning size selected RNAs.
Whether only brain tissue is especially rich in miRNAs or there
are many, yet unknown miRNAs in other cell types remains to
be seen. It is very likely that the number of mammalian miR-
NAs will continue rising by taking advantage of emerging high
throughput sequencing technologies, recently applied to iden-
tify plant short RNAs [24].
Krichevsky et al. [14] described precise regulation of the
expression of several miRNAs in rat brain during embryonic
and post-natal development. Establishing the expression pat-
tern of miRNAs will help in narrowing down the potential tar-
get genes. We also found diﬀerences in the expression pattern
of ﬁve brain expressed miRNAs during development, generally
they showed lower expression after birth, and were often com-
pletely missing from adult mice.
In situ hybridisation conﬁrmed that miRX, miRY, miR-410
and miR-431 are speciﬁcally expressed in the brain and spinal
chord. The central nervous system already had the highest
number of speciﬁcally expressed miRNAs [25,18] and the addi-
tion of these four reiterates that brain tissue is generally rich in
miRNAs. Whole mount in situ hybridisation is usually feasible
until E12 and there may be problems with probe penetration
beyond that. We showed that miRNA expression can be ana-
lysed by hybridising dissected whole brains of E15 mice. This
revealed that miR-431 is particularly strongly expressed inthe pons. Ninety percent of the descending axons passing
through the midbrain synapse on neurons in the pons. The ex-
act role of miRNAs in normal brain function and development
remains to be discovered.
One of the most interesting ﬁndings of our study was the
asymmetric expression pattern of miR-500. It is known that
a few miRNAs are expressed asymmetrically in C. elegans
[26] but this has not been shown in mammals. Identifying tar-
gets of miR-500 will elucidate the asymmetric role of miRNAs
in limb development.Note added in proof
miRX has been also identiﬁed during the publication of this
paper by Cummins et al. (2006) Proc Natl Acad Sci USA
103(10):3687–3692 and is called mir-652. miRY is added to
miRBase as mir-721.
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